This paper proposed a mathematical model and numerical model to investigate the output characteristics of photovoltaic (PV) array of stratospheric airship. In addition, considering with the influence of flight time, flight status, flight location, flight height, environmental temperature and other factors on the output power of the PV array, the model of solar radiation, and PV array on the surface of Stratospheric Airship are established. Then, the thermal effects of the PV array on the airship is investigated using CFD/Fluent, based on which the three-dimensional temperature profile of PV array and airship are presented.
Introductions
As a high-altitude platform, stratospheric airships have wide application, especially in communication, broadcasting, remote sensing, scientific research, etc. Currently, United States, Japan, and South Korea are the major countries to develop stratospheric airships. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Generally, solar energy is used for providing power to high-altitude long-endurance airships, and this type of power system is a PV array coupled to an energy storage system. [2] The PV array is an important component in the airship power system. The efficiency, mass, surface shape, and position of the PV array influence the airship performance, while time, latitude, temperature, and geometry affect the output characteristics of PV array. Furthermore more, the PV array has effects on the temperature profile of the airship hull and enhances the "superheat" or "supercool" of airship. [9] Based on a 180m long NPL Stratospheric Airship, the mathematical model and the equivalent circuit of PV module are established in this paper. Further, considering with the influence of flight time, flight location, airship curvature, paving pattern of PV array, flight status, flight height, environmental temperature and other factors on the output power of the PV array, the model of solar radiation, and PV array on the surface of stratospheric airship are built combined with Matlab simulation software. Then, the thermal effects of the PV on the airship is investigated using CFD/Fluent, based on which the three-dimensional temperature profile of photovoltaic array and airship are presented.
2.
Simulation model of the stratospheric airship and photovoltaic array [11] Based on the theory of drag coefficient of stratospheric airship, we adopted the NPL airship, which is proposed by National Physical Laboratory. And its slenderness ratio is 0.25. To investigate the output characteristics and thermal performances of the array and the stratospheric airship, the design parameters of the array and airship listed in Tables 1 were chosen. The preliminary design scheme of the NPL airship and array is shown in Figure 1 . The curved surface of the PV array, which conforms to the airship surface, receives nonuniform solar radiation. The array may be divided into quadrilateral grids, as is shown in Fig.2 , and each grid can be seen as a tilted plane. The radiation on each grid can be calculated accurately. 
Solar radiation model of the PV array of airship
Position of the solar under horizontal coordinate system is determined by solar altitude angle H and solar azimuthal angle . The geometric relation of solar altitude angle H, solar azimuthal angle and solar vector under horizontal coordinate system can be seen in Fig. 3 . For the given geography position, solar altitude angle H and azimuthal angle can be given as:
(1) (2) And declination of solar δ and solar hour angle ω can be given as: (3) (4) (5) (6) According to the geometric relation of solar altitude angle H, solar azimuthal angle γ and solar vector , solar vector can be expressed as: (7) Considering that solar vector under body axes coordinate system is needed finally, therefore, solar vector under horizontal coordinate system should be converted to body axes coordinate system. Based on the definition of the two coordinate systems, let J is the transformation matrix from horizontal coordinate system to body axes coordinate system, and J can be given as: sin sin cos cos sin sin sin cos sin cos cos cos sin sin sin cos sin sin sin cos sin sin cos cos cos co cos co s s s co J (8) Where , , are the pitch angle, roll angle and course angle of stratospheric airship. When , , of the airship are given, solar vector under body axes coordinate system S can be obtained:
If the direct solar radiation on the atmosphere boundary at a certain time is assumed to be 0
by follows [12, 13] :
0 sc E E r Where, m is the air mass on sea level, h=20km is the radiation altitude. According to the conclusion above, when a certain date and geography position are given, the daily total radiation En received by the PV array can be calculated by follows: 
Numerical calculations and analysis
The power output of the array is determined by the incident solar radiation on the array, the operating temperature of the array as well as the pitch, roll and course of stratospheric airship. Figure 4 shows the output profile of the array at the temperature 20 . According to Y. W. Wang, the temperature of the array can reach as high as 60 Lecture [15] gives the temperature coefficient of solar cell. Figure 5 shows the output profile of the array at the temperature 60 . Finally, to investigate the three-dimensional temperature profile of PV array and stratospheric airship, Fluent is used for modeling and simulation analysis of the array and stratospheric airship. The airship model was built in CATIA V5R20, with inner construction ignored. Hexahedral meshes of outer surface and inner field were generated in ANSYS ICEM14.0, as shown in Fig. 6 . . Emittance of envelope was about 0.88, the absorptivity was 0.33, exterior emissivity was 0.8 and interior emissivity was 0.733, thermal conductivity 2
. Transformation of solar cell array was 10 percent, absorptivity was 0.85, exterior emissivity was 0.8 and thermal conduction coefficient is 4.5 . Simulation results on the 180m long NPL airship were shown in Fig. 7 and Fig. 8 . Due to solar radiation and high solar absorptivity of PV array, the highest temperature with the value of 320K appeared on PV array. The lowest temperature appeared on the lateral part of envelope where no solar radiation was applied. The lowest temperature was about 280K. As temperature on the upper side of the airship was higher than that on the lower side, accordingly, the natural convection was stronger. Temperature distribution on inner gas was mainly decided by diffusion, and the natural convective velocity was low, as shown in Fig. 8 .
If a 5mm thick insulation structure is installed between PV array and the airship hull, the temperature of the array will increase. However, the velocity of the inner helium gas reduced, which is beneficial for increasing the lifetime of the stratospheric airship. As is shown in Fig.9, Fig.10 . 
Conclusion
Based on a 180m long NPL stratospheric airship, the mathematical model and the equivalent circuit of PV module are established in this paper. Further, considering with the influence of flight time, flight location, airship curvature, paving pattern of solar cell arrays, flight status, flight height, environmental temperature and other factors on the output power of the solar cell arrays, the model of solar radiation, and solar cell arrays on the surface of Stratospheric Airship are built combined with Matlab simulation software. Then, the thermal effects of the PV on the airship is investigated using CFD/Fluent, based on which the three-dimensional temperature profile of PV array and airship are presented.
